We use 10 microsatellite DNA markers to assess genetic diversity within and among the four runs (winter, spring, fall, and late fall) of chinook salmon (Oncorhynchus tshawytscha) in California's Central Valley. Forty-one population samples are studied, comprising naturally spawning and hatchery stocks collected from 1991 through 1997. Maximum likelihood methods are used to correct for kinship in juvenile samples and run admixture in adult samples. Through simulation, we determine the relationship between sample size and number of alleles observed at polymorphic microsatellite markers. Most samples have random-mating equilibrium proportions of single and multilocus genotypes. Temporal and spatial genetic heterogeneity is minimal among samples within subpopulations. An F ST of 0.082 among subpopulations, however, indicates substantial divergence among runs. Thus, with the exception of our discovery of two distinct lineages of spring run, genetic structure accords with the diverse chinook life histories seen in the Central Valley and provides a means for discrimination of protected populations.
Introduction
Many salmon populations throughout the Pacific Northwest have been extirpated and, of those remaining, the majority is at risk of extinction (Nehlsen 1994) . At the southern limit of its range in North America, the Pacific salmon Oncorhynchus is particularly vulnerable, owing primarily to dry climate and human competition for water but also to intensive exploitation and habitat disturbance. In California, three salmonid stocks are already protected, and listing of all remaining stocks has been proposed (National Marine Fisheries Service (NMFS) 1998 (NMFS) , 1999 . Salmon conservation concerns are particularly acute in California's Central Valley, habitat for four spawning runs of the chinook salmon (Oncorhynchus tshawytscha) and the source of water for two thirds of the state's inhabitants and its enormous agricultural industry. The stock at greatest risk, the Sacramento River winter-run chinook salmon, was listed as threatened by the state of California in 1989, when run size fell below 200, and as endangered by the federal government in 1994 (NMFS 1994) .
Population genetic data are increasingly important in managing salmonid populations on the brink of extinction (Waples 1995) . There is a need to identify protected stocks in mixed ocean harvests and in rivers or estuaries where dams or water diversions imperil out-migrating juveniles. Identification of broodstock in propagation programs is required to avoid admixture and hybridization among spawning runs. Genetic markers are useful for confirming parentage and relatedness in hatchery-bred fish and for verifying models of hatchery impacts on genetic diversity of naturally spawning stocks. In the case of Central Valley chinook salmon, however, a study of 39 allozyme loci revealed very slight divergence among fall-and winter-run chinook salmon, with Wright's standardized allele frequency variance F ST = 0.01 (Bartley et al. 1992) . Nielsen et al. (1994) reported substantially more divergence in frequencies of six mtDNA haplotypes, F ST = 0.24, but the probability of any two Central Valley chinook haplotypes being identical is 0.7, precluding use of this marker for individual identification. Highly variable nuclear DNA markers, such as microsatellites, make possible genealogical analyses or genetic discrimination among closely related fish populations (Wright and Bentzen 1996) . Thus, Banks et al. (1999) cloned microsatellite DNA markers from winter-run chinook salmon, developed polymerase chain reaction (PCR) methods for rapid genotyping, and verified Mendelian inheritance in families produced in a captive breeding program.
Here, we report the results of a genetic analysis of 41 naturally spawning and hatchery populations of California's Central Valley chinook salmon using 10 microsatellites. We use maximum likelihood methods to correct for family structure among samples comprising juveniles as well as to correct for run admixture in adult samples and demonstrate increased accuracy and precision as a result of these corrections. Our objective is to provide a baseline genetic profile of chinook salmon in the Central Valley that will allow the distinction of endangered stocks from their less threatened close relatives. The study reveals substantial diversity of chinook salmon at the southern limit of their North American range despite 150 years of major ecological disturbances (Yoshiyama et al. 1998) . It also illustrates the power of microsatellite DNA markers to resolve the complex genetic structure of salmon populations within a major river basin.
Materials and methods

Sample collections
Between 1991 and 1997, tissue samples from 3032 chinook salmon were collected from 20 Central Valley sites by the California Department of Fish and Game (CDFG) and the U.S. Fish and Wildlife Service (Table 1) . Samples comprised all four runs of chinook salmon and, for 11 sites, multiple year-classes. A complete list of all samples used in this study, their accession numbers if taken from the CDFG tissue archive (The Resource Agency, CDFG, 1701 Nimbus Rd, Rancho Cordova, CA 95670), and their genotypes are available at http://www-bml.ucdavis.edu/cvdataset. htm. Winter-run samples comprised both spawned carcasses (1995) (1996) (1997) collected from the Sacramento River and broodstock collections (1991) (1992) (1993) (1994) (1995) trapped at Keswick and Red Bluff diversion dams near Redding (Fig. 1) . Owing to the inaccessibility of spring-run spawning habitat and consequent difficulties of collecting a sufficient number of spawned carcasses, out-migrating juveniles were sampled in addition to carcasses from Butte, Deer, and Mill creeks (1994-1997) . The fall run, presently the most abundant chinook run in the Central Valley, is the only run found in the lower Sacramento -San Joaquin watershed (Yoshiyama et al. 1998) . Samples from eight naturally spawning and five hatchery fall-run populations were collected from 1993 to 1996. Like the winter run, late-fall-run stocks are confined to the Sacramento River where both hatchery (1993 and 1995) and naturally spawning (1995) adults were sampled.
Microsatellite typing
Tissue samples (caudal fin clips) were placed in a storage buffer (10 mM Tris-HCl, pH 8.0, 25 mM EDTA, 100 mM NaCl) and frozen until processed. Genomic DNA extraction varied according to whether tissue was obtained from live fish or degraded carcasses. With fresh tissue, 0.5 mm 2 was placed in 200 mL of 5% Chelex ® 100 (BioRad) in 96-well PCR trays (0.2 mL) (Corning-Costar). Tissue extracts were covered with a silicone-sealing mat (Corning-Costar), heated for 30 min at 60°C, and then boiled for 30 min at 103°C in a thermocycler (M.J. Research). Trays were centrifuged for 5 min at 3000 rpm to pellet fin debris and Chelex ® beads. One hundred microlitres of supernatant was removed and transferred to a new 96-well tray to be used as template for PCR, leaving the rest of the DNA for long-term storage. DNA was extracted from carcass fin clips using the Puregene ® DNA isolation kit (Gentra Systems).
Individuals were genotyped at up to 10 previously described unlinked microsatellite loci: Ots-1, -2, -3, -5, -9, and -10 (Banks et al. (Nelson and Beacham 1999) , Onem13 (Scribner et al. 1996) , and Omy-77 (Morris et al. 1996) . The forward PCR primer was labeled with a fluorescent phosphoamidite (HEX or fluorescein). PCR products were electrophoresed, 96 at a time with allelic controls, on a 45.0 cm wide by 22.5 cm high 8% denaturing polyacrylamide gel at 50 W for 60-150 min. DNA fragments were visualized on the FMBIO ® fluorescent imaging system (Hitachi Software Engineering America Ltd.). Gels were manually scored and independently verified by at least one other researcher. The data were entered into a relational database (Paradox ® , Borland, version 7) and double-checked for accuracy. Individuals that did not produce repeatable genotypes were not included in the analyses. Variation in the quality of DNA extracted from carcass tissues made genotypes difficult to score; consequently, fewer than 10 loci were assayed in many carcass samples (Table 1) .
Statistical analyses
We developed and applied methods to address three sampling issues: relatedness among juveniles, run admixture, and limits to precision of allele frequency estimates for highly polymorphic loci. Each of the methods is described below.
Correcting for kinship in samples of juveniles
Four samples of the spring run (Deer Creek, 1994 , Mill Creek, 1996 , and Butte Creek, 1996 comprised juveniles only. We investigated and attempted to correct for kinship in these samples because the presence of full-or half-sibs could bias allele frequency estimates (Allendorf and Phelps 1981) .
The odds of two individuals being full-siblings rather than unrelated can be calculated using the program Kinship 1.2 (Goodnight and Queller 1999) . We first explored the power of this approach using 53 winter-run offspring comprising seven full-sib and three half-sib families in a captive breeding program (Banks et al. 1999) . These fish afforded 393 pairwise comparisons among known full-sibs, 307 comparisons among known half-sibs, and 678 comparisons among unrelated individuals. Odds for a full-sib relationship were calculated with both five and nine loci to mimic the information available in the spring-run juvenile samples. Significance thresholds for the full-sib LOD score (the log of the odds ratio) were taken from simulation results at an empirical level of a = 0.01. Threshold LODs were 1.04 and 1.14 for five and nine loci, respectively, corresponding to Type II errors of 0.72 and 0.50. Percentages of known full-sib, half-sib, and unrelated pairs yielding significant full-sib LOD scores when scored at five loci are 42.2, 5.6, and 0.4%, respectively. The comparable percentages using nine loci are 57.2, 6.8, and 0.6%, respectively, showing the expected improvement in power with more loci. This exercise suggests that LOD score classification of a full-sib relationship between two winter-run individuals is conservative. The test has low power, detecting a little more than half of true full-sibs when nine loci are used, but suitable protection against Type I error, classifying very few truly unrelated pairs as full-sibs.
To analyze the spring-run juvenile samples, we first deleted individuals missing more than one or two loci (depending on the number of loci sampled) to avoid potentially spurious results in evaluating kinship. Adult spring-run samples for Mill and Deer creeks and from Butte Creek were pooled into two reference populations for calculation of genotypic probabilities under the two kinship hypotheses (full-sib versus unrelated). We selected and grouped pairs of individuals for which full-sib LOD scores were significant (p < 0.01), as above, removing them from their sample. The Type II errors were approximately 0.6 for the two samples studied at five loci (Deer Creek, 1996, and Butte Creek, 1996) and 0.4 for the two samples studied at eight or nine loci (Deer Creek, 1994, and Mill Creek, 1996) .
We next examined the genotypes of these kin groups for evidence against a simple full-sib hypothesis, i.e., more than four alleles per locus or impossible genotypic combinations, and identified the largest subset of potential full-sibs for further analysis. The remaining individuals in a kinship group could be explained as half-sibs, although this sometimes constrained the genotype of the common parent. For each putative full-sib group, we calculated the probability for the observed array of progeny genotypes under one or more mating-type hypotheses. For example, if there were one AA and two AB in a full-sib group with three members, we would calculate the relevant terms of the binomial probability distribution for {0.5, AA : 0.5, AB}, implying a mating type AA × AB, the trinomial probability distribution for {0.25, AA : 0.5, AB : 0.25, BB}, implying an AB × AB mating, and the tetranomial probability distribution for {0.25, AA : 0.25, AB : 0.25, AC : 0.25, BC}, implying an AB × AC mating ( Table 2 ). The probabilities for each mating type, given the observed progeny, were then multiplied by the frequency of the implied mating type, given baseline allelic frequencies and assuming Hardy-Weinberg-Castle (H-W-C) equilibrium, to yield the likelihood for each possible mating type. The mating type with the maximum likelihood was selected, and the inferred parental genotypes were then substituted into the data set for the juveniles.
Correction for run admixture
Because different spawning runs of chinook salmon can overlap in space and time, a given collection of adults can comprise a mixture of two or more runs. Such an admixture of spring run in broodstock collected for hatchery propagation of winter run (samples W1-W5, Table 1 ) was first suspected on phenotypic grounds in 1995. Extensive genetic analyses subsequently confirmed this admixture based on linkage disequilibrium (D. Hedgecock et al., unpublished data), a well-known feature of admixed populations (Waples and Smouse 1990) . Linkage disequilibrium was measured using the program GENETIX version 3.3 (available at http://www. univ-montp2.fr/~genetix/genetix.htm) and found to be significant for 60% of the dilocus combinations. Nonwinter contaminants were identified and removed from the winter-run broodstock sample by the following procedure: (i) individuals with uncommon gametic types contributing to the significance of multiple pairwise 
a Full-sib progeny can have from one to four phenotypes, depending on parental genotypes; the n i are the numbers of progeny observed in each phenotypic category.
b Terms of the relevant bi-, tri-, or tetranomial probability distributions; n T is the sum of the n i . Table 2 . Classification and examples of hypotheses for observed arrays of progeny phenotypes and their associated probabilities.
disequilibria were identified, (ii) these individuals were removed from the broodstock sample and the linkage equilibrium of the remainder of the broodstock was verified, (iii) the culled individuals were reassigned to run on the basis of their multilocus genotypes by a maximum likelihood method implemented in the program WHICHRUN (Banks and Eichert 2000) , and (iv) individuals with better than even odds of belonging to the winter-run broodstock were returned to that sample, and linkage equilibrium was again verified. This procedure resulted in the removal of 19 of the 140 winter-run broodstock before the present study (i.e., W1-W5 samples comprise 121 fish in Table 1 ). A similar procedure was applied here to each of the remaining samples for which more than 10% of all pairwise disequilibrium tests were significant at the 5% level. Smaller genetic distances among the spring, fall, and late-fall runs, however, reduce the power of assignment of individual genotypes to run.
Bootstrap analyses of number of alleles per locus
To compare the numbers of microsatellite alleles observed in different populations, we used the program BOOTSTRAP (M. . 2 . UPGMA phenogram derived from CSE using raw data at five microsatellite loci (Ots-2, -3, -9, and -10 and Onem13) for 41 chinook salmon population samples (see Table 1 ) from California's Central Valley. The scale indicates genetic distance; numbers at nodes indicate clusters with bootstrap results greater than 50%.
Barré, Laboratoire Génétique et Pathologie, IFREMER BP 133, 17390 La Tremblade, France, personal communication) to simulate the relationship between sample size and number of alleles by bootstrap sampling for each of 10 loci. For this analysis, population samples were combined within each of the winter, spring from Butte Creek, spring from Deer and Mill creeks, fall naturally spawning, fall hatchery, and late-fall runs. At each sample size (from n = 1 to the total number of fish in a given run at a given locus), the program performed 1000 randomized samplings, counting the number of alleles and calculating the mean and standard error. Sign tests were then used to compare allelic diversity among runs at a common sample size of 50.
Population genetic analyses
Allelic frequencies and population genetic statistics -observed and expected heterozygosities, mean number of alleles per locus, pairwise linkage disequilibrium, Wright's F statistics, Nei's (1972) distance (D), and Nei's (1987) minimum distance (D m ) -were calculated using the program GENETIX version 3.3. Tests for random mating proportions of genotypes within samples (H-W-C equilibrium) were calculated using the program GENEPOP version 3.1 (Raymond and Rousset 1995) . The significance of F IS and F ST (a = 0.05) was determined by performing 500 permutations in GENETIX at five loci . Significance of F ST was also determined for a subset of 26 samples that were scored at all 10 loci Onem13 , and Omy77, Table 1 ). We did not calculate any distance measures that assume the stepwise mutation model, as recent studies have demonstrated that this model is often falsified by complex microsatellite mutational events and does not perform any better than more traditional infinite allele measures (e.g., Paetkau et al. 1997; Estoup et al. 1998; Colson and Goldstein 1999) . Four major subpopulations were evident from the unweighted paired group method using arithmetic averages (UPGMA) phenogram derived from raw data (see below and Fig. 2 a Individuals were removed if they were missing more than one of five loci or more than two of eight or nine loci. b Groups of individuals among which there was significant probability of being full-sibs, as determined by kinship (Goodnight and Queller 1999) . c Each kin (full-sib) group has at least two parents; in some kin groups, the presence of more than four alleles or impossible genotype combinations suggested half-sib relationships requiring additional parents to be inferred.
d Net adjustment is removal of juveniles belonging to kin group followed by substitution with their inferred parents. , 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, LF1, 2, 3 0.0072* Fall and late fall c F2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 20, LF1, 2, 3 0.0078* F4, 5, 6, 7, 8, 10, 13, 15, 17, 18, 19 0.0011 F4, 5, 6, 7, 8, 10, 11, 13, 15, 16, 17, 18, 20 (Felsenstein 1993) for data from five loci and repeated for the 26 population samples that were characterized at 10 loci. Neighbor-joining (Saitou and Nei 1987) and UPGMA trees (Sneath and Sokal 1973) were calculated using NEIGHBOR in PHYLIP. Maximum likelihood trees (Cavalli-Sforza and Edwards 1967) were calculated using CONTML in PHYLIP. Bootstrap results for assessing the frequency of occurrence, and thus significance, of each tree cluster were attained using SEQBOOT and CONSENSE in PHYLIP with 1000 replicates. Trees were visualized using TREEVIEW (Page 1996) . We investigated phenetic distances using four alternative distance measures: F ST , D, D m , and CSE.
Results
Sample adjustments
Adjustments for relatedness were made to four spring-run juvenile samples (Deer Creek, 1994 , Mill Creek, 1996 , and Butte Creek, 1996 . Sixty-six of the original 272 individuals in these samples were removed before kinship analysis because of missing genotypic data. Of the remaining 206 individuals, 114 were involved in pairwise comparisons for which the hypothesis of a full-sib relationship was significantly more likely (p < 0.01) than the hypothesis that they were unrelated. These related individuals were removed from their samples and replaced with 86 parents whose genotypes were inferred by maximum likelihood methods, resulting in the adjusted sample sizes shown in Tables 1 and 3 . Before adjustment for kinship, Butte Creek, 1996 , and Mill Creek, 1996 , had significant F IS and Mill Creek, 1996 , was not in random-mating (H-W-C) equilibrium; after adjustment, these populations have single-locus genotypic proportions that conform to random-mating expectations. Kinship adjustments also reduced the number of significant pairwise linkage disequilibria from 11 to four, over all four samples. More importantly, kinship adjustments changed the allelic frequencies in these samples. In the most extreme case, the frequency of the Onem13 150 allele increased from 0.333 to 0.456 for the spring Butte Creek, 1996, sample after kinship adjustment. The cumulative effects of these allele frequency shifts on F ST estimates are discussed below.
Previously, we found that 60% of pairwise linkage disequilibria were significant in winter-run samples W1-W5, owing to admixture of spring run in broodstock collections (see Materials and methods section). Likewise, 35% of pairwise linkage disequilibria were significant in two of the winter-run carcass samples, W7 and W8. Removing 17 individuals determined to be likely of nonwinter origin (odds ratios ranging from 1.03 to 9.68) from these samples restored equilibrium conditions. Of the 33 nonwinter samples examined in this study, six had more than 10% of pairwise linkage disequilibria significant at the 5% level, indicating potential admixture although at a lower level than winter run. These included spring Butte Creek, 1994 and 1997, fall Coleman Hatchery, 1993 and 1995, Sacramento River, 1995, and late-fall Coleman Hatchery, 1993. Removing three individuals likely to have been of nonspring origin (odds ratios ranging from 1.50 to 1.55 × 10 5 ) from spring Butte Creek, 1994 and 1997, samples brought them into linkage equilibrium. However, significant linkage disequilibrium remained in two hatchery (Coleman Hatchery, 1993 and 1995) and one naturally spawning fall-run sample (Sacramento River, 1995) despite removal of 10, 24, and 10 individuals determined to be of nonfall origin, respectively. These three fall-run samples were thus dropped from further analyses. Two individuals determined to be non-late-fall (odds ratios of 3.50 and 4.10) were removed from the Coleman Hatchery, 1993, sample.
Adjustments for relatedness and run admixture increased the F ST estimated among all samples from 0.0637 to 0.0745 and decreased the F ST estimated within three of the four subpopulations adjusted (0.0172 versus 0.0087 for winter run, 0.0038 versus 0.0017 for spring run from Deer and Mill creeks, 0.0065 versus 0.0045 for spring run from Butte Creek, Table 4 ). The number of samples having homogeneous allele frequencies also increased. Only two of eight winter-run samples (W4 and W5) were homogeneous before adjustment, whereas seven were homogeneous after adjustment. The juvenile spring-run sample from Deer Creek, 1994, joined a homogenous pool of seven samples from Deer and Mill creeks after correction for kinship. Finally, none of the four Butte Creek samples were homogeneous prior to corrections for kinship and admixture, whereas three were homogeneous after adjustment (Table 4) .
Genetic diversity within population samples
We now focus exclusively on results from adjusted samples, excluding the three fall samples with persistent linkage disequilibrium. Expected and observed heterozygosities within population samples are in close agreement, with means ranging from 0.51 to 0.63 and from 0.54 to 0.62, respectively (Table 1) . Thirty-three of 38 tests for H-W-C equilibrium and significance of F IS values within populations conform to random-mating expectations (Table 1) . We note the few exceptions: significant F IS values for two of 10 spring-run samples (Butte and Deer creeks, 1997), two of 20 fall-run samples (Stanislaus River, 1994, and Merced Hatchery, 1995) , and one of three late-fall samples (Keswick, 1995) . These results are supported by exact probability tests for H-W-C equilibrium, except that the test for the Stanislaus, 1994, fall sample is not significant and the test for the naturally spawning Merced River, 1995, fall-run sample is significant. Only one of 38 population samples had more than 10% of pairwise loci combinations in linkage disequilibrium (late-fall Coleman Hatchery, 1993) despite adjustment for admixture. The sample was retained because it was homogeneous with the late-fall Keswick, 1995, sample and the pooled samples were in linkage equilibrium.
Genetic heterogeneity within subpopulations
Samples within the four subpopulations determined from the major nodes of Fig. 2 come from different geographical sites and collection years and from naturally spawning or hatchery populations. Tests of homogeneity within these subpopulations resulted in the following population groupings (Table 4) . Seven winter-run samples are homogeneous if the carcass sample of 1996 is removed. Three spring-run samples from Butte Creek are homogenous if the 1994 sample is removed. All six spring-run samples from Deer and Mill creeks are homogeneous. Thirteen fall samples are homogeneous after American River, 1995 , Stanislaus River, 1994 , Merced River, 1995 , Coleman Hatchery, 1994 , and all three late-fall samples are removed. No subset of the fall anomalies is homogeneous, but two late-fall population samples are homogeneous (Coleman Hatchery, 1993, and Keswick, 1995) . The anomalous late-fall sample (Coleman Hatchery, 1995) is more closely related to the homogeneous late-fall subpopulation (F ST = 0.0072) than to the homogeneous fall subpopulation (F ST = 0.0174). Similar tests using D m rather than F ST resulted in the same homogeneous pools as above with one exception; it was not necessary to remove the fall Coleman Hatchery, 1994, sample before attaining a homogeneous subpopulation for fall run. Likewise, F ST homogeneity tests performed for the 26 population samples scored at 10 loci affirm the same sample components among the five subpopulations except that two additional anomalous fall populations were identified; hatchery samples from the Feather and Merced rivers, 1995, were dropped to allow homogeneity among the remaining fall populations. This series of within-subpopulation tests of homogeneity define five major, more or less homogeneous subpopulations of chinook salmon in the Central Valley: winter, spring from Butte Creek, spring from Deer and Mill creeks, fall, and late fall. We note that temporal samples from the same geographic location are generally contained within the homogeneous pool for their respective subpopulation. The exceptions are distributed over different subpopulations (winter Sacramento River, 1996 , spring Butte Creek, 1994 , fall Stanislaus, 1994 , and late-fall Coleman Hatchery, 1995 . Thus, temporal variation within geographic site is not significant relative to the greater differences among subpopulations.
Comparisons among subpopulations
Bootstrapping results illustrating the number of alleles as a function of sample size are shown for the five most polymorphic loci  Fig. 3 ). Both the locus concerned and run sampled are important with respect to the number of alleles observed. For example, a sample size of 100 is sufficient to encounter 90% of the alleles at Ots-3 in spring, fall, or late-fall runs, but in winter run, the minimum sample size required is 124. Likewise, a sample size of 137 is required for nonwinter runs at Onem13, but winter requires 207. For the three more polymorphic loci, even larger samples sizes are necessary.
The simulated allele richness curves (Fig. 3) suggest that winter run consistently has fewer alleles per locus than do the other three runs. Winter run also has lower observed and expected heterozygosity and lower mean number of alleles per locus (4.4) than any of the other runs (6.7, 7.7, and 8.8 for spring, fall, and late fall, respectively, Table 1 ). Table 5 compares the number of alleles per locus for different populations at a common sample size of 50. In comparing winter with the other populations, fewer alleles are observed at eight or nine of 10 loci, which is significant by sign test. Likewise, within spring run, the pooled Butte Creek sample Fig. 3 . Results from bootstrap simulations for (A) dinucleotide and (B) tetranucleotide microsatellites illustrating the number of alleles detected in chinook salmon population samples as a function of sample size. Each curve was generated using 1000 iterations for each successive sample size. Homogeneous subpopulations were used except for spring run, where Butte, Deer, and Mill Creek samples were combined.
has fewer alleles at seven of 10 loci than the pooled sample from Mill and Deer creeks.
Pooling of homogeneous samples within the five major subpopulations discussed in the preceding section increases the F ST estimate for Central Valley chinook from 0.075 (calculated from 38 independent samples) to 0.082 (p = 0.00). Diversity among these five major subpopulations is illustrated by a UPGMA phenogram of relative genetic distance (Fig. 4) . All four distance measures (F ST , CSE, D, and D m ) resulted in topographically equivalent trees. Moreover, three methods of phenetic tree construction (neighbor-joining, UPGMA, and maximum likelihood estimation) yielded the same branching topology. Bootstrap values for the tree based on CSE were often higher than for the other trees (Fig. 4) . Bootstrap values greater than 70% are obtained for all branch clusters, indicating statistically defined distinction of all five major subpopulations (Hillis and Bull 1993) . Greater genetic distinctiveness of winter run is illustrated by the markedly larger genetic distance values in pairwise comparisons with all other runs. Spring Butte Creek samples are next most distinct, followed by spring Mill Creek and Deer Creek samples. Fall and late-fall runs have the lowest genetic distance estimate indicated by their inner cluster (Fig. 4) .
Individual loci make markedly different contributions to average genetic distance among subpopulations, and different measures of genetic distance rank loci differently (Table 6). Spearman rank correlations indicate that F ST is negatively, although not significantly, correlated with heterozygosity. Nei's D, on the other hand, is positively and significantly (p < 0.05) correlated with heterozygosity. Nei's D and D m are both positively and significantly (p < 0.05) correlated with CSE, but their positive correlation with each other is not significant.
Discussion
The most important finding of this study is that chinook salmon of the Central Valley in California have substantial genetic diversity and structure. Analysis of microsatellite DNA variation reveals five distinct subpopulations that, with the exception of our discovery of two distinct lineages of spring run, are congruent with the winter, spring, fall, and late-fall spawning runs that have long been recognized (Fisher 1994) . That such biological diversity has survived more than 100 years of massive habitat destruction, exploitation, and artificial propagation (Yoshiyama et al. 1998 ) is perhaps surprising but at the same time encouraging of efforts to protect these populations. Our data retrospectively support the designation of winter run and spring run as evolutionary significant units protected under the U.S. Endangered Species Act (NMFS 1994 (NMFS , 1999 Waples 1995) . Winter run, whose blend of ocean-and stream-type life history characteristics is unique among all chinook salmon (Healey 1991) , is the most distinctive of the subpopulations in the Central Valley. The next most distinctive subpopulations are the spring runs, particularly those in Butte Creek, which have unique life history adaptations (Yoshiyama et al. 1996) . Formerly the most abundant chinook salmon throughout the Central Valley, spring runs are presently found in only a few tributaries of the Sacramento River, primarily those considered in this study (Fisher 1994; Yoshiyama et al. 1996 Yoshiyama et al. , 1998 . Finally, fall and late-fall runs, although closely related, are significantly different at 10 microsatellite markers and differ in geographic range, run timing, and size at maturity (Fisher 1994) .
The two most divergent runs in the Central Valley, winter run and spring run from Butte Creek, show signs of having experienced past reductions in size (bottleneck). Winter run has significantly fewer alleles at most loci and lower average heterozygosity than all other runs. Spring run from Butte Creek also has fewer alleles than spring run from Mill and Deer creeks. Thus, bottlenecks and genetic drift, which can affect highly polymorphic microsatellite markers in particular (Hedrick 1999) , may have accelerated the genetic divergence measured for these spawning runs (Nei 1987) . Whether the bottlenecks and reductions in genetic diversity coincided with precipitous declines of these stocks within the last 100 years (Yoshiyama et al. 1998) or resulted from earlier events is a matter for speculation. We note, however, that drift might also explain heterogeneity among samples from Butte Creek, as the abundance of spring run in this creek ranged from a high of 8700 adults in 1960 to a low of 10 fish in 1979 (CDFG 1998). Because mean age at reproduction is 3 years in spring-run chinook (Fisher 1994) , the 1994 and 1997 samples were drawn from a weak year-class tracing back to the 1979 low.
Despite spatial and temporal overlap of chinook salmon spawning runs in the Central Valley, we have no evidence for natural hybridization among runs. A commonly held view is that most spring-run populations have hybridized with fall run and that Butte Creek spring run in particular has hybridized with the Feather River fall hatchery stock (Yoshiyama et al. 1998) . Genotypic proportions in the Butte Creek spring run conform to random-mating expectations, however, and this subpopulation clusters farther from the fall run than does the spring run from Deer and Mill creeks, not closer as expected under the hybridization hypothesis. Admixture of runs can nevertheless occur in samples and appears to be a likely cause for significant linkage disequilibrium in broodstock collected for a winter-run hatchery supplementation program as well as in eight other samples from naturally spawning populations. Our ability to detect run origin among mixed samples is well defined for winter run owing to the genetic distinctiveness of this run. Identifying the provenance of individuals from runs other than the winter run is more difficult, however, owing to their greater similarity. Tests of linkage equilibrium nevertheless remain useful for detecting admixture in population samples (Waples and Smouse 1990) .
Artificial hybridization in hatcheries, where mating choices are not made by the fish, could pose a risk to conservation of chinook salmon diversity in the Central Valley. Spring run were unwittingly hybridized with winter run in the early years of a hatchery supplementation program for the latter (D. Hedgecock et al., unpublished data). Broodstock are now typed for microsatellites upon collection, and only those with significant genotypic odds of being winter run are used in the hatchery. Here, we present evidence for significant linkage disequilibrium in two samples from the Coleman Hatchery fall stock (1993 and 1995) , suggesting admixture and possible hybridization between fall and spring runs. Temporal overlap of both runs in Battle Creek makes simultaneous capture of adults from both runs highly likely, and morphology does not provide reliable discrimination between them. This problem was first identified in the early operation of the Coleman Hatchery (Cope and Slater 1957) and remains a challenging problem, given limited power for individual genetic identification of non-winter-run fish. Admixture or hybridization of fall into late fall might also explain the significant linkage disequilibrium and failure of random-mating equilibrium in samples from the Coleman Hatchery late-fall stock. However, we have even less power for identifying non-late-fall individuals, given the smaller genetic distance apparent between late fall and fall. Finally, the Feather River Hatchery has long been suspected of hybridizing spring and fall runs on the basis of coded-wire tag returns (Yoshiyama et al. 1998 ). Yet, we observe neither linkage disequilibrium nor failure of randommating equilibrium in samples from the hatchery or naturally spawning populations of fall chinook in the Feather River. In addition, the Feather River Hatchery samples considered in this study are not significantly different from the fall run, providing no evidence for past hybridization with Central Valley spring run.
Evaluating the extent of spatial and temporal heterogeneity within runs is critical to the successful development and implementation of conservation and management plans (Small et al. 1998; Nielsen et al. 1999; Tessier and Bernatchez 1999) . Neither spatial nor temporal variation within runs appears to be important, however, compared with the much larger differences among the runs. Fall run, which was sampled extensively in both the Sacramento River and San Joaquin River drainages of the Central Valley, including both hatchery and naturally spawning populations, is largely homogeneous. Spring run from Deer and Mill creeks is homogeneous (although distinct from the second spring-run subpopulation in Butte Creek). Spatial variation is not an issue for the remaining runs, which presently have very restricted geographic ranges. On a temporal scale, overall homogeneity within the major subpopulations of chinook salmon in the Central Valley affirms a general lack of significant year-to-year variation within runs. Samples of winter run from 1991 to 1997 were homogeneous, with the exception of the 1996 carcass sample. Samples of spring run from Deer and Mill creeks were likewise homogeneous over a 4-year period, from 1994 through 1997. Fall run and late-fall run were each homogeneous over a 3-year period.
Finally, we find that local populations of chinook salmon in the Central Valley have proportions of microsatellite genotypes that conform to those expected from random mating among individuals. Random mating has, of course, been confirmed by innumerable studies in the vast literature on salmonid population genetics. The importance of confirming random mating for microsatellite markers in this study lies in the contrast that it provides for those exceptional failures of equilibrium genotypic distribution that we have attributed to kinship among juveniles or run admixture in samples.
Although substantial genetic structure of chinook salmon in the Central Valley was apparent from a cluster analysis of raw population data, the picture was brought into sharper focus by adjusting samples for kinship and run admixture. Relatedness of individuals within juvenile samples has long been recognized as a problem for estimation of population allelic frequencies (Allendorf and Phelps 1981) . In the past, geneticists have simply tried to avoid such samples, but today, we have the problem of sampling threatened populations whose juvenile life stages may be more abundant and more readily collected than adults. In the case of spring-run chinook in the Central Valley, for example, the inaccessibility of much of the spawning habitat greatly limits collection of spawning adults or postspawned carcasses (Yoshiyama et al. 1996 (Yoshiyama et al. , 1998 . Fortunately, highly polymorphic microsatellite DNA markers now provide more statistical power for detecting kinship than was previously afforded by allozymes (O'Reilly et al. 1998; Fontaine and Dodson 1999) . Thus, to maximize population genetic information for the threatened spring run, we corrected for relatedness in juvenile samples by replacing the genotypes of likely siblings with the most likely genotypes of their parents.
The second type of sample adjustment was for admixture of different spawning populations, which has also long been recognized as an issue in delineating spawning stocks that are incompletely isolated in space and time (Campton and Johnston 1985; Waples and Smouse 1990; Estoup et al. 1998) . Again, microsatellite DNA markers now provide more statistical power than was previously afforded by allozymes, both for detecting linkage disequilibrium, a signal of sample admixture (Waples and Smouse 1990) , and for assigning individuals to populations of origin (Banks and Eichert 2000) . For samples with unusual levels of linkage disequilibrium, we first identified and removed individuals responsible for the disequilibrium and then reassigned them to their sample only if they were more likely to belong to the remainder of their sample than to any other run.
Although the difference in population structure before and after these adjustments appears small (cf. Figs. 2 and 4) , the increase in the precision and accuracy of the population genetic analysis is significant and important for future applications of microsatellites to conservation. The two types of adjustments resulted in the net removal of 116 individuals, less than 5% of individuals genotyped in the study, with the following consequences. The number of populations displaying departure from single and multilocus equilibrium at a nominal significance level of 5% was reduced from 12 to five and from eight to one, respectively, further increasing confidence in the application of the H-W-C principle in mixed-stock analyses and individual assignment. Variation among samples within runs was also reduced, as evidenced by reductions in numbers of alleles and within-run F ST values, resulting in an increase in the sizes of homogeneous pools of samples and the precision of allele frequency estimates for runs. Finally, genetic distance among runs was dramatically increased, as evidenced by an increase in F ST from 0.064 to 0.082. These changes all favor the further application of these markers in conservation efforts.
Average allele frequency variance among the runs of chinook salmon in the Central Valley (F ST = 0.082 for five loci or 0.078 for 10 loci) is substantial compared with the genetic divergence detected by microsatellite studies of other anadromous salmonids. Based on five microsatellite loci, Olsen et al. (1998) Divergence among Central Valley chinook salmon runs has also been estimated using allozymes, mtDNA, and sequence variation in a major histocompatibility (MHC) gene. In a study of variation at 39 allozyme-coding loci, Bartley et al. (1992) estimated F ST to be only 0.01 among five samples of chinook salmon from the Central Valley. However, the allozyme-based estimate includes more shared monomorphic loci than were allowed in our selection of polymorphic microsatellite markers. In addition, the identity of the winterrun sample in the Bartley et al. (1992) study has been questioned, and a recent allozyme study has detected substantial divergence among runs (D. Teel and G. Winans, NMFS, Seattle, Wash., personal communication). Thus, protein and microsatellite DNA markers may paint more similar pictures of divergence of salmon runs in the Central Valley than presently appreciated. On the other hand, mtDNA and MHC markers appear, at first glance, to show greater divergence among runs than do microsatellite markers. Our average F ST estimate for 10 microsatellite loci (0.078) is notably less than the F ST of 0.24 calculated from the mtDNA data of Nielsen et al. (1994) or the 0.129 estimate from the MHC class II b1 exon (Kim et al. 1999 Table 5 . Means and standard errors obtained from bootstrap simulations of the number of alleles observed at a common sample size of 50. Fig. 4 . UPGMA phenogram derived from CSE using adjusted data from 10 microsatellite loci Onem13, of microsatellites. A number of researchers (Hedrick 1999 and references therein) have shown that, for highly variable loci such as microsatellites, F ST is constrained by high within-population diversity. As gene diversities within subpopulations and the total population approach 1.0, the difference between them, which should represent the diversity among subpopulations, approaches zero. Thus, F ST estimates for polymorphic marker types may be lower than those obtained from less variable marker types, as we observe when comparing our average estimate from microsatellites with those from mtDNA and MHC data. F ST ranges from 0.023 to 0.169 for our microsatellite loci (Table 6) and is negatively, although not significantly, correlated with heterozygosity. In contrast, Nei's D is positively and significantly correlated with heterozygosity, which suggests that this measure may not be as affected by high heterozygosity as F ST . Nei's D values of 0.395 for mtDNA (from data in Nielsen et al. 1994 ) and 0.648 for MHC (from data in Kim et al. 1999) are within the range that we observe for microsatellite loci (0.131-0.701). All markers suggest that winter run is the most distinctive subpopulation, followed by spring run and then fall and late fall, so there is general concordance among different types of markers concerning divergence among chinook salmon runs in the Central Valley.
In conclusion, we find substantial genetic diversity revealed by microsatellite DNA markers among California's Central Valley chinook salmon populations. Despite welljustified concern for the irreversible loss of genetic heterogeneity, owing to substantial habitat loss, water diversion, harvest pressure, and significant hatchery influence (Yoshiyama et al. 1998) , we are impressed with the genetic diversity and structure that remain. Evidence for run admixture and resultant hybridization in hatcheries remains a pressing concern, and there is need for increased genetic power for verifying the run identity of hatchery broodstock. However, the potential for discrimination among the five chinook subpopulations with microsatellite loci has obvious importance for management and protection of specific stocks. With increasing numbers of salmon being listed as endangered species, we have urgent need for the best possible resolution among populations. Water policy, fishing quotas, and other regulatory decisions require precise information on specific stocks at risk. We report sufficient genetic diversity among Central Valley chinook spawning runs to enable estimation of contributions to mixed samples and individual identification of winter run. The increase in precision offered by microsatellite loci, together with the sample adjustment methods developed in this study, demonstrates great promise for resolving closely related populations in a conservation context. Note: Population samples were combined into heterogeneous pools as defined for 10 loci. Loci were ranked according to the magnitude of heterozygosity. Table 6 . Single-locus average genetic distance and heterozygosity estimates for chinook salmon from California's Central Valley.
